The Mo/Cu-dependent CO dehydrogenase from Oligotropha carboxidovorans is an enzyme that is able to catalyze CO oxidation to CO 2 ; moreover, it can also oxidize H 2 , thus eliciting a characteristic EPR signal. Interestingly, the Ag-substituted enzyme form proved unable to catalyze H 2 oxidation. In the present contribution, we characterized the reactivity of the enzyme with H 2 by quantumchemical calculations. It was found that dihydrogen binding to the wild-type enzyme requires significant structural rearrangements of the active site Theoretical EPR spectra for plausible H 2 -bound models of the partially reduced, paramagnetic active site are also presented and compared with the experimental counterpart. Finally, density functional theory modeling shows that Ag substitution impairs H 2 binding at the active site.
Introduction
The ability of microorganisms belonging to the genus Oligotropha to grow on carbon monoxide as the sole source of energy and carbon depends on the expression of a peculiar Mo/Cu-containing carbon monoxide dehydrogenase (Wilcoxen et al., 2011) , which catalyzes the oxidation of CO to CO 2 according to Equation ( A fraction of the carbon dioxide produced in the above reaction is fixed in the course of pentose-phosphate pathway (Cypionka and Meyer, 1983; Meyer et al., 2000; Wilcoxen et al., 2011) , whereas reducing equivalents are delivered into the quinone pool (Wilcoxen et al., 2011) . The environmental relevance of such kind of catalysis is well illustrated by the fact that bacteria like Oligotropha carboxidovorans and other carboxydotrophic species process an amount of atmospheric CO as large as 2 × 10 8 tons annually (Mörsdorf et al., 1992) . The Mo/Cu-dependent CO dehydrogenase expressed by O. carboxidovorans features a dinuclear heterometal active site in which a molybdenum ion and a copper ion are bridged by a sulfide ion (see Fig. 1 ). The Cu ion is directly connected to the protein matrix by means of the sulfur atom of the Cys388 residue, while Mo is also bound to a dithiolene ligand having pterin and cytosin dinucleotide substituents. The coordination environment of the Mo ion is completed by one (or two, depending on the enzyme state) oxo ligand; a hydroxo ligand may substitute one of the oxo groups along the catalytic process of CO oxidation. A catalytic cycle proposed on the basis of theoretical investigations (Siegbahn and Shestakov, 2005; Stein and Kirk, 2015) implies the initial binding of carbon monoxide at the level of the Cu center, when the active site attains the Cu I Mo VI state. New C-O bond formation using one of the Mo-bound oxides precedes insertion of a water molecule between the Mo and the newly formed CO 2 group; this then leads to the detachment of carbon dioxide and closure of the catalytic cycle (see Fig. 2 ). Notably, recent electron nuclear double resonance experiments by Shanmugam et al. (2013) are in support of CO coordination to Cu I at the outset of catalysis.
A striking feature of this enzyme is the fact that it is able to oxidize molecular hydrogen at significant rates, a fact demonstrated first by Santiago and Meyer (1996) . Such versatility of the Mo/Cudependent CO dehydrogenase has been recently the object of a detailed study by Wilcoxen and Hille (2013) , who experimentally investigated the basis for the interaction of H 2 with the enzyme, and the mechanism of dihydrogen splitting. These authors proposed that the incipient H 2 molecule is able to displace a Cu-bound H 2 O ligand: in other words the Cu ion, and not the Mo ion, would directly bind H 2 . The latter conclusion is based on the results of EPR experiments, which allowed them to identify an H 2 -bound paramagnetic form of the active site, and to characterize it also in terms of copper and hydrogen hyperfine coupling constants.
In the present contribution, we performed a theoretical investigation of the reactivity of the enzyme active site toward H 2 by using density functional theory (DFT) calculations, also with the aim of deepening insights into the nature of the H 2 -bound paramagnetic enzyme form experimentally observed. Moreover, we aimed at rationalizing the notion that the substitution of the Cu ion with Ag in the active site leads to impairment of molecular hydrogen oxidation catalysis .
Methods
Geometries were fully optimized at the BP86/def2-TZVP level (Perdew, 1986; Becke, 1988; Weigend and Ahlrichs, 2005) , using the resolution of identity (RI) technique (Eichkorn et al., 1997) ; the chosen basis set was used in conjunction with the corresponding effective core potential in the case of Mo and, when present, Ag (Weigend and Ahlrichs, 2005 ). The energy difference values reported in the following were computed on the basis of total energies obtained at the BP86-RI/def2-TZVP level. The TURBOMOLE suite of programs was used for all unconstrained energy minimizations and potential energy surface (PES) scans, which were performed in vacuo (Ahlrichs et al., 1989) ; all unconstrained minimizations were followed by harmonic vibrational frequency calculations to confirm the minimum character of each of the stationary points localized.
It is noticeable that, in the enzyme, the covalent contact between the Cu/Mo-containing cofactor and the apoprotein is established through a single cysteinyl sulfur ligand, analogously to the case of the substrate-binding site in [FeFe] hydrogenases (Peters, 1998) ; the setup here adopted for optimizations-based on an in vacuo, unconstrained DFT representation of the metal ions and the inner sphere ligands-has been successfully applied for the theoretical investigation of the PES associated with dihydrogen binding and splitting on models of the latter metalloenzyme (Fan and Hall, 2001) .
The ORCA program (Neese, 2012) was used to perform DFT calculations of g factors and hyperfine coupling constants. Such computations were preceded by single point calculations at the BP86/DGDZVP level (Godbout et al., 1992; Sosa et al., 1992) , using the geometries optimized at the BP86/def2-TZVP level as described above.
Results

DFT model composition and preliminary structural investigations
Calculations were carried out on a model of the Mo/Cu-dependent CO dehydrogenase active site, which includes the first shell ligands of the Cu and Mo ions: in particular, Cys388 side chain is represented in the form of a CH 3 S -fragment, whereas the pterin is replaced by an 1,2-ethenedithiolate ligand (see Fig. 3 , and in particular the schematic structure on the left side of this figure) . The atomic composition of the adducts considered in the following can differ with respect to such parent structure in terms of: (i) presence of substrates -CO or H 2 -bound to Cu; (ii) protonation of one of the Mo-bound oxo ligands or of the S atom of the CH 3 S -fragment; (iii) detachment of the CH 3 SH fragment from the Cu center. As a preliminary step, in the present study, we investigated the structural effects of CO binding to the enzyme active site: species 1 and 2 (see Figs 3 and 4, respectively) are the geometry-optimized unbound and bound states of the active site, respectively, both attaining the Mo VI /Cu I redox state. CO binding leads to a Mo-µS-Cu bond angle reduction by ca. 10°; moreover, a shortening of the Cu-Mo distance from 3.83 to 3.68 Å is observed, an outcome in line with previous theoretical and experimental results which indicate that the complex within the protein is in general rather flexible, and that the Cu-Mo distance in particular is not energetically very relevant (notably, elongations of the Cu-Mo distance up to 6.1 Å have been discussed in the previous literature) (Siegbahn and Shestakov, 2005) . CO binding turned out to be favored by 15.2 kcal/mol, and the Cu-C distance was computed to be 1.81 Å long; finally, the Cu-S(Cys) bond length in adduct 2 is 2.26 Å long (a value to be compared with the 2.19-Å distance for the same bond in 1, see Fig. 3 ).
Investigation of H 2 binding to the Cu center
As a next step, we attempted to optimize Mo VI /Cu I adducts in which the copper ion coordinates H 2 : in particular, we initially considered H 2 binding to adduct 1, i.e. to a thiolato-copper site (S 2− )-bridged to a MoO 2 core. In such framework, energy minimizations started either from a guess structure featuring H 2 non-classically bound to Cuwhich corresponds to the initial adduct previously proposed for H 2 oxidation catalysis ), see Fig. 5 -or from the corresponding side-on alternative configuration invariably lead to H 2 detachment from the metal. Such an unexpected result points at the possibility that H 2 binding is preceded by some key structural reorganization of the active site, which favors dihydrogen coordination. In particular, we considered protonation events as plausible reactions to trigger structural rearrangements, in consideration of the fact that the enzyme is believed to mobilize protons in the course of its physiological activity (Siegbahn and Shestakov, 2005) .
Differently from the case of the divalent copper ion, which is known to induce deprotonation of cysteine residues bound to it (Dudev and Lim, 2002) , proton transfer to a Cu I -bound Cys -is expected to be a feasible process. The protonated version of the enzyme active site was geometry optimized, leading to adduct 3 (see Fig. 4 ). In 3, the S(Cys)-Cu distance lengthens slightly as compared with 1 (2.22 vs. 1.84 Å, respectively), whereas the Mo-Cu distance shortens by 1.20 Å (2.63 Å, see Fig. 4 ); another notable feature of 3 is that one of the oxo ligands bound to Mo assumes a bridging position, as its distances from the latter ion and from Cu are 1.82 and 2.04 Å, respectively; concomitantly, the Mo-µS-Cu bond angle reduces by 45.4°, as compared with 1. Notably, dihydrogen attachment to 3 leads to a bound minimum in this case, i.e. adduct 4 (Fig. 4) . Such binding reaction features a small kinetic barrier (~5 kcal/mol, see Supplementary data) and formation of the product turned out to be associated with a variation in total energy of +3.7 kcal/mol. Adduct 4 is likely to represent the key intermediate for the initiation of H 2 oxidation by Mo/Cu-dependent CO dehydrogenase, as suggested by the fact that dihydrogen is activated in this complex (H-H distance: 0.80 Å). As compared with 3, in 4 the distances between the µ-oxo ligand and the metal ions do not change significantly (length differences smaller than 0.02 Å in both cases). The same holds true for the Mo-Cu distance (2.65 Å in 4), whereas the Cu-S(Cys) bond significantly lengthens upon H 2 binding (2.39 Å in 4, as compared with the 2.22-Å distance above reported in the case of adduct 3).
Not differently from complexes 1-3, adduct 4 attains the Mo VI /Cu I redox state; however, as mentioned in the introduction, Wilcoxen and Hille identified a paramagnetic H 2 -bound adduct in their EPR experiments, which could be attributed to the one-electron reduced form of the encounter complex-an enzyme state that is not expected to take part in the catalytic cycle . Notably, energy minimization of the one-electron reduced counterpart of 4 leads to the detachment of H 2 from the Cu ion, a result incompatible with the experimental outcomes. However, our DFT model is able to rationalize the formation of a Mo V /Cu I adduct capable of coordinating H 2 , if the Fig. 2 Mechanism of CO oxidation in Mo/Cu-dependent CO dehydrogenase as described by Siegbahn and Shestakov (2005) . Fig. 3 The parent complex 1 in a schematic representation (left) and its DFToptimized form. All distances in Å and (in parentheses) bond angles in degree.
following points are taken into account: (i) detachment of the Cu ion from the protonated cysteinyl ligand as an outcome of the abovementioned weakening of the Cu-S(Cys) bond; (ii) structural rearrangement of the resulting adduct 5 to give place to adduct 6, in which the µ-oxo ligand is substituted by a µ-S ion (see Fig. 4 ). The first of the above reactions features a favorable energy profile with a small kinetic barrier of~1 kcal/mol (see Supplementary data). As far as the second reaction is concerned, adduct 6 is 7.6 kcal/mol more stable than 5; notice that the isomerization reaction leading to the latter adduct occurs by overcoming a relatively low barrier of 7.0 kcal/mol (see Supplementary data). Remarkably, concomitant one-electron reduction and protonation of 6 gives place to a hydroxo-containing Mo V /Cu I species in which H 2 maintains coordination to the Cu ion (adduct 7, Fig. 4 ). The analysis of the atomic spin densities of 7 (see Table I ) shows that the unpaired electron is mainly localized on the Mo atom, corroborating the assignment of the Mo V /Cu I redox state. The spin is slightly delocalized on the bridging Sb atom, the Cu atom and the H atom of the hydroxyl ligand. Clearly, the presence of spin density on the copper atom may be in accord with the large 63 Cu hyperfine coupling constants observed in the experiments. In addition, the spin localized on the H atom of the hydroxyl ligand suggests that the 1 H hyperfine coupling constants determined from the EPR spectrum can indeed be assigned to this atom. Given its structural features and the spin density distribution, 7 represents a plausible candidate for the paramagnetic dihydrogen-bound form of the enzyme: therefore, we performed calculation of EPR parameters of 7, and compared the theoretical data with the available experimental results. Notably, g values computed for model 7 as explained in methods are g x = 2.003, g y = 1.971, g z = 1.953, which compare well with the experimentally determined g-tensor (g x = 2.0127, g y = 1.9676, g z = 1.9594). We also performed calculations of the hyperfine coupling constants for Cu I . As shown in Table II , these computed values are underestimated by up to a factor of 2.9. As far as proton hyperfine coupling constants are concerned, experiments show signal at 80, 20 and 130 MHz; notably, the theoretical hyperfine coupling constants of the H atoms in Cu-bound dihydrogen are very small, and a correspondence with experimental values cannot be identified (all computed values smaller than 13 MHz in module, see Table III ). However, the hyperfine couplings calculated for the H atom of the hydroxo ligand bound to the Mo center do fit significantly better than the experimental data (theoretical values: 57, 60 and 70 MHz, see the last row of Table III) , a result which suggests that protonation of the Mo-bound oxide(s) might be at the basis of the experimentally observed hyperfine structure of the EPR spectra.
The low value of computed Cu hyperfine couplings for 7 is a rather surprising outcome, particularly in consideration of the fact that such complex is expected to feature transannullar effects within the Mo(µS) 2 Cu ring. Since slight changes in the Cu coordination geometry may lead to substantially different Cu hyperfine coupling Non-metal atoms are tagged as reported in the optimized structure of adduct 7 in Fig. 4 . Tables II and III . The species are spatially disposed in a similar way as compared to species 1 in Fig. 3 . This helps the identification of the atoms nature; in this regard, notice that H atoms are represented with very small-size spheres, while C and O atoms correspond to relatively larger spheres, and S atoms are even slightly larger; finally, Cu and Mo are represented with the largest spheres. In the case of 7, explicit tagging of all S and O atoms, and of key H atoms is also reported. All distances in Å and, in parentheses, Mo-µX-Cu (X = S or O) and S-Cu-S' bond angles in degree. constants-as discussed in Rokhsana et al. (2016) -and a high degree of delocalization was reported in a previous study on a Mo V (µS)Cu I biomimetic complex (Gourlay et al., 2006) , we performed additional geometry optimizations in which the Cu-Sb distance was constrained stepwise at increasing values (2.90, 3.35 and 3.80 Å). Interestingly, the Mulliken spin population at the Cu center initially decreases-it assumes a value of 0.01 spin units when the Cu-Sb is set at 2.90 and 3.35 Å-whereas it significantly increases up to 0.04 spin units when the Cu-Sb distance is further lengthened to 3.80 Å. We unsuccessfully spent extensive efforts to directly localize -by unconstrained geometry optimizations-minimum geometries of the Cu-H 2 bound active site featuring a Mo V (µS)Cu I framework.
Further efforts were therefore spent on alternative energy minimizations and characterization of selected isomers of 7 (or similar adducts featuring a different protonation state, vide infra) starting from guess geometries featuring 4-membered-ring core system (see Figs 6 and 7).
As a first step, we optimized isomers of 7 in which the H 2 -bound Cu center variously coordinates the oxygen and sulfur centers available in the cluster (species 7′ and 7″, optimized geometries in Fig. 7) . Differently from the case of 7″, 7′ features a Cu spin population significantly larger than the one of the parent species (see Table IV) ; however, 7 is significantly more stable than 7′ and 7″, respectively by 10.3 and 18.8 kcal/mol; therefore, neither of such adducts were considered further for EPR parameter calculations. The architecture of 7 was then considered to produce guess geometries resulting from addition of one proton to the available basic sites (see Fig. 6 ); the optimized geometries of the corresponding complexes (8, 8′ and 8″) are shown in Fig. 7 . Adduct 8 turned out to correspond to the lowest energy minimum among the three, 8′ and 8″ being higher in energy by 4.0 and 28.6 kcal/mol. All these species feature low spin population values at the Cu ion (see Table IV ), and therefore they were also not considered for any magnetic properties calculation. Lastly, a hypothetical adduct originating from deprotonation of the Mobound OH group in 7 was also considered for geometry optimization (see 9 in Fig. 6 ), but it turned out that H 2 detaches from the Cu ion upon geometry optimization.
Investigation of the lack of reactivity of the Ag-substituted enzyme toward H 2
Further experimental results that can be used for validation of the picture proposed here for the H 2 -enzyme binding process come from the observation that substitution of copper with silver in the protein active site leads to the loss of H 2 -oxidizing activity of the active site . In view of this, we also performed geometry optimizations using the geometry of 4 as guess structure, after substitution of Cu with Ag. Notably, no bound complex was possible to be localized in this case, as H 2 detached from the Ag center in the optimization attempts we performed (also in this case, both side-on and end-on attachment of dihydrogen to silver were considered in the guess structures). Not surprisingly, H 2 detachment in our Agcontaining model occurred also when Cys388 is not protonated, analogously to the case of the wild-type enzyme. Such theoretical results are fully consistent with the experimental observations, which indicate that a silver-containing version of the enzyme is not reactive toward H 2 . Atoms of the model are tagged as reported in the optimized structure of adduct 7 in Fig. 4 . a Experimental spectra identified two approximately equivalent protons with very similar coupling constants, with a maximum deviation of 10 MHz, which is well below the accuracy of DFT-computed hyperfine couplings. However, such picture could be rationalized within our model either by considering the occurrence of protonation of the second Mo-bound oxo ligands, or based on the co-presence in the sample of different rotamers for the same hydroxo ligand. b Calculation of hyperfine couplings at the B3LYP/DGDZVP level provided similar results (data not shown). 
Conclusions
In conclusion, our DFT data indicate that H 2 binding to the copper center of Mo/Cu-dependent CO dehydrogenase from O. carboxidovorans follows a route different from the one of CO binding to the same active site: protonation of the cysteinyl sulfur coordinated to the Cu ion is able to trigger a shortening of the Mo-Cu distance, with concomitant reorganization of the copper first coordination sphere. This favors the occurrence of a binding interaction between the latter and dihydrogen. Our model allows also to account for the differences experimentally observed between the wild-type and the Ag-substituted enzyme with regard to H 2 -binding abilities: in fact, it turned out that a model in which the Cu I ion is replaced by Ag I is unable to coordinate H 2 , a result that allows to rationalize the spectroscopic findings on the Ag-containing enzyme. As for the modeling of a peculiar paramagnetic species detected to date only upon H 2 exposure of the wild-type enzyme, PESs sampling of H 2 -bound species allowed to identify an adduct featuring calculated g tensor in good agreement with the experimental counterpart. However, marked underestimation of the computed Cu hyperfine coupling constants was observed for such adduct. Future QM/MM studies of the entire enzyme will hopefully allow to unveil the determinants of the EPR properties of this putative side-product occurring in parallel to H 2 -oxidation catalysis. 
